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Piezoelectricity and pyroelectricity are manifestations of the
dependence of spontaneous polarization on mechanical stress
and temperature, respectively [1]. Piezoelectric and pyroelectric
materials have a permanent, spontaneous polarization in the ab-
sence of an applied electric field. However, under constant stress
and temperature, the polarization field is usually ‘‘masked” as
nearby free charges are attracted to the surface of the sample thus
creating a layer of bound charge that compensates the material’s
internal electric field originating from intrinsic dipoles. In order
to measure a pyro- or piezoelectric effect a pressure or tempera-
ture perturbation is applied to the sample. The time-dependence
of the excitation is usually distinguished into harmonic (periodical
or continuous wave excitation) and time-domain excitations (pulse,
step-excitations), giving rise to dynamic and quasi-static methods,
respectively. In this review we will focus on dynamic methods, as
they are most useful in determining a material’s spatial polariza-
tion distribution. Table 1 summarizes some of those techniques
and their characteristics.
The first demonstration of a dynamic method to measure the
pyroelectric current was published by Chynoweth who applied it
to study the pyroelectric effect and spontaneous polarization of
barium titanate [2]. In essence, Chynoweth’s technique demon-
strated the physical basis which most subsequent thermal meth-
ods utilized. Let Ps be the spontaneous polarization per unit area
of a face perpendicular to the polar axis, at a given temperature
T. If the temperature is changed by a small increment dT (providedll rights reserved.
x: +41 031 631 4244.
(A. Batagiannis).by a periodically modulated heat source) the polarization will also
change by dPs. This change in polarization can be measured as a
discharge current, ip, measured with a capacitor under short-circuit
conditions [1]. The discharge current is
ip ¼ dQdt ¼ A
dD
dt
 
¼ A dPs
dT
 
dT
dt
 
ð1Þ
where Q is the charge flowing through the external circuit, A is the
electrode area, D is the electric displacement and dt the time incre-
ment over which temperature is changed. This equation holds pro-
vided that measurements are carried out under constant stress and
electric field so as to avoid piezoelectric, ferroelastic and ferroelec-
tric contributions. As all pyroelectric materials are also piezoelec-
tric, the strain resulting from thermal expansion or contraction
when temperature is changed induces a piezoelectric response. This
is termed the secondary pyroelectric effect and it can be beneficial
or antagonistic with the primary pyroelectric effect due to the
polarization temperature dependence. However, it is generally
small, typically not exceeding 10% of the magnitude of the primary
effect. The rate of change of spontaneous polarization, dPs/dT, is the
pyroelectric coefficient, p, and for a small DT and sufficiently below
the Curie temperature can be regarded as a constant for a given
material and temperature. Hence, the pyroelectric current only de-
pends on the rate of change of temperature and the pyroelectric
coefficient is the proportionality constant between electric dis-
placement and temperature.
It is precisely this behavior that allowed Chynoweth to show
that the magnitude of the pyroelectric current is proportional to
the net polarization of the sample measured. Furthermore, it was
demonstrated that domains of opposite orientation produce cur-
rents of opposite sign. This important observation shows the value
Table 1
Piezo- and pyroelectric microscopy techniques.
Method References Dimensionality Resolution Stimulus
Thermal pulse
technique (TP)
[19–22,
68–70]
3D 1 lm Thermal
pulse
Laser intensity
modulation
method
(LIMM)
[23–26,
55,56,
64–67]
3D 1 lm Thermal
wave
Scanning
PyroElectric
Microscopy
(SPEM)
[77–80,
87–89]
3D 1 lm Thermal
wave
Light Induced
Pressure Pulse
method (LIPP)
[93–97] 1D 1 lm Pressure
pulse
Piezoelectric
Pressure Step
technique (PPS)
[98] 1D 1 lm Pressure
pulse
Pulsed electro-
acoustic
technique
(EAT)
[99,100] 1D 1 lm Voltage
Piezoresponse Force
Microscopy
(PFM)
[101–103] 3D 10 nm Voltage
Scanning thermal
microscopy
(SThM)
[135] 3D 1 lm Thermal
wave
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ination, as it provides information not accessible to standard X-ray
diffraction. Measurements of the pyroelectric effect in barium tita-
nate also demonstrated that a temperature change of 106 C was
enough to produce a measurable current and that the magnitude of
this current was inversely proportional to the sample’s thickness.
Those findings led to the development of pyroelectric sensors in
a wide range of applications [3–5].
Chynoweth’s method was subsequently applied in the study of
space charge [6], internal domains and pyroelectricity in ferro-
electrics [7–9]. An interesting application employed additionally
specific heat measurements [10] to study the ferroelectric–
paraelectric transition in lithium tantalate. These early studies,
however, were restricted to bulk measurements. An alternative
method [11] employed a sharply focused electron beam as a heat
source and electrostatic deflectors to scan the beam across the sam-
ple’s area. Naturally, this method can provide higher resolution [12]
than any of the photothermal methods. In the same period the first
dynamic piezoelectric methods were being developed and applied
to polarization switching studies in barium titanate [13,14].
Substantial improvements in instrumentation led to the devel-
opment of the first scanning probe microscopes [15–17] capable of
inspecting the polarization distribution in triglycine sulfate (TGS)
and BaTiO3 with resolution in the order of a few microns. These
studies revealed how inhomogeneous the polarization distribution
of crystals may be at a microscopic level and demonstrated the
capabilities of the technique in identifying domain boundaries.2. Techniques and applications
2.1. Photothermal methods
In the following years, thermal and pressure pulse techniques
were used in a number of applications [18]. Two of the most widely
used methods employed in the study of polarization distribution
were the thermal pulse (TP) [19–22] technique developed by Col-
lins and the light intensity modulation method (LIMM) [23–26]developed by Lang and Das-Gupta. The former was developed to
study the pyroelectric current in the time domain and the latter
in the frequency domain. Recent results demonstrated the equiva-
lence of those approaches [27].2.1.1. LIMM
A short description of LIMM is as follows: the sample under
investigation is prepared as a thin sheet with its polar axis normal
to the flat surfaces. Opaque electrodes are evaporated onto these
surfaces. A sinusoidally modulated laser beam is focused on the
electrode and heat diffuses into the sample as temperature waves.
This results in a spatially non-uniform, time-varying temperature
distribution, which, depending on the sample’s polarization distri-
bution, will produce a frequency dependent pyroelectric current.
This current is amplified and measured at many different modula-
tion frequencies. Although the technique is simple in its implemen-
tation, LIMM frequency response curves have to be deconvoluted
using complex mathematical tools [28–36]. This is a result of unfa-
vorable, diffusion-type attenuation profiles of thermal waves in the
material. The expression relating the temperature increase and the
pyroelectric coefficient with the pyroelectric current is a Fredholm
integral [37] of the first kind and as such subject to the non-unique-
ness problem. Another complication is the rapid decay of the spatial
resolution with sample thickness [28], making it impossible to de-
rive the polarization distribution away from the heated electrode.
Furthermore, as with all measurement techniques the contribution
from space charge to the pyroelectric response cannot be differen-
tiated from the polarization contribution.
Despite those disadvantages and the experimental difficulties
[38], LIMM has proved to be extremely useful in a wide range of
applications. It has been used to study the polarization distribution
in ceramics [39–43], polymers [34,44–55], single crystals [56–59]
and liquid crystals [60–63]. Because of the aformented problems,
in most cases the technique has been applied to the study of bulky
materials but the lateral resolution was limited. In order to over-
come the difficulties in determining the polarization distribution
near a sample’s surface Lang and collaborators have extended the
LIMM to higher frequencies calling it the surface light intensity
modulation method (SLIMM) [55,56,64]. The extent of propagation
of heat in the sample is governed by the thermal diffusion depth,
given by:
l ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2a=x
p
ð2Þ
where x is the modulation angular frequency and a the material’s
thermal diffusivity. It is clear from the above equation that increas-
ing the modulation frequency limits the penetration of the thermal
wave inside the sample. The smaller the volume of the thermally
excited area is, the higher the resolution that can be achieved.
Another drawback in the application of LIMM is the large diam-
eter of the laser spot when compared to the sample’s thickness.
This is done to reduce the problem of spectra deconvolution using
a simpler 1D approach. However, recently a number of applications
have emerged [65–76] where the laser beam is focused and used as
a scanning probe. A recent example of such a study is shown in
Fig. 1. The authors used LIMM to investigate defects and depoling
caused by mechanical and thermal treatments in lead zirconate
titanate (PZT) ceramic materials [71]. Fig. 1 demonstrates the pyro-
electric activity exhibited by a soft PZT sample after exposure to a
high-power micromachining laser. The areas exposed show a de-
creased pyroelectric activity (depicted in blue) when compared
with unexposed areas on the sample (depicted in red). Additional
experiments using a solder tip or compressive stress along the pol-
ing direction yielded similar results, thus demonstrating the value
of the technique in material characterization.
Fig. 1. LIMM image of a PZT sample after exposure to a high-power Nd-YAG laser.
Modified after Ref. [71].
Fig. 2. Spatial polarization map of a PVDF-TrFE copolymer sensor cable [70].
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The slow data acquisition speed has prompted researchers to
invent new methods in order to investigate the polarization distri-
bution using scanning probe microscopies. The thermal pulse (TP)
technique [19–22,68–70] has proved to be the most efficient as it
can achieve data acquisition speeds 50 times faster that those of
LIMM. A recent study [68] has shown that results obtained from
the same sample using both methods are in excellent agreement.
In TP samples are also prepared as a thin film which is coated with
aluminum or copper electrodes to form a capacitor. The heat
source, however, is usually a pulsed laser beam which is focused
onto an opaque electrode. The thermal pulses generated, diffuse
into the material which causes a pyroelectric response. The result-
ing current is then amplified and recorded using a lock-in tech-
nique or a digital oscilloscope. The high speed and resolution, as
well as the applicability in relatively thick samples are the main
advantages of this method.
Mellinger et al. [70] have employed TP to study space charge
and polarization distributions in electret polymers. Their results
showed that lateral resolutions of 50 lm can be achieved with a
depth resolution of 0.5 lm. Fig. 2 shows the polarization map of
a piezoelectric PVDF-TrFE co-polymer sensor cable. The authors re-
moved the cable’s core and replaced it with a stainless steel pin
which they used to pole the cable. The blue crosses in the figure
indicate the pin’s position. Measurements were taken at various
modulation frequencies thus achieving various depths of thermal
excitation indicated on the z-axis. The samples show a smooth
polarization distribution centered on the needle’s position. This is
in sharp contrast with results from commercial sensor cables that
show an inhomogeneous polarization distribution [70].2.1.3. SPEM
LIMM and TP techniques are especially suited to study the
polarization distribution in thin films but they cannot be used as
effectively to investigate bulky 3D objects such as crystals. In order
to tackle this problem, Wübbenhorst et al. have devised an alterna-
tive methodology [38,77–89]. Instead of illuminating the front
electrode they focused the beam directly onto the sample’s surface.
This requires a greater distance between the electrodes which
makes measurement of small signals harder, however, much
higher resolutions (<10 lm) can be achieved.
In SPEM samples are placed in a capacitor and heated using a
laser beam modulated by an acousto-optic modulator or an optical
chopper. The beam is focused with a resolution of a fewmicrons on
a pyroelectric material and scanned throughout the sample’s sur-
face. The signal is amplified with a current amplifier and measured
with a lock-in amplifier, which also provides the reference modu-lation frequency. Plotting the successive measurements of the
resulting pyroelectric current on a 2D contour plot allows one to
visualize the spatial distribution of the macroscopic polarization
of the sample. As in the case of LIMM, measuring or estimating
the material’s thermal diffusivity allows one to choose the exact
depth within the sample to be stimulated. The drawback is that
the measurements are taken at a single modulation frequency
and thus the data represent polarization distributions at a specific
depth within the sample. The technique could be modified, how-
ever, to facilitate simultaneous frequency as well as position
scanning.
Scanning PyroElectric Microscopy (SPEM) was initially applied
to the study of polarization distributions in chromophore–zeolite
composites [77,78]. In those systems, a guest chromophore mole-
cule is included in the parallel channels of a zeolite. There were
two models attempting to explain the ordering of guest molecules
in molecular sieves: (i) the guest–host interaction gives rise to
acentric molecular arrangements [90] or (ii) the adsorption of the
guest molecule into the channels takes place in a preferred orien-
tation thus leading to a bipolar arrangement [91]. According to (i)
the crystal would show the same sign throughout its length for the
pyroelectric current whereas if (ii) was true the current should
switch signs at some point along the channel axis. Using SPEM
the authors were able to show that the latter holds although sub-
sequent investigations [83] revealed that the zeolite crystals were
also twinned, i.e. they are macroscopically symmetric and show
two opposite macrodomains.
A further development came from Quintel et al. who used
tomographic methods to study the polarization distribution in per-
hydrotriphenylene (PHTP) co-crystallized with 1-(4-nitrophenyl)-
piperazine (NPP) [87]. Theoretical predictions [82,92] and previous
SPEMmeasurements had revealed the double-cone structure of the
polarization distribution for channel-type inclusion compounds.
The authors measured the pyroelectric image, then successively
polished the crystal in four steps and repeated the measurement
after each step. The results can be seen in Fig. 3, showing two main
cone-shaped areas of opposite polarity depicted with red for posi-
tive and blue for negative current respectively. It is also clear that
the outer domains along the x-axis are less polarized. In the center
Fig. 3. SPEM images of a PHTP-NPP single crystal successively polished in four steps (a–d). The composite image on the far right gives a tomographic view of those images
[87].
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activity. This is attributed to the location of the seed. The compos-
ite image on the far right shows the pyroelectric distribution as a
function of depth for selected areas. It is easily observed that the
structure changes as we progress into the sample with a nearly
perfect hourglass-like form near the middle of the crystal
(Fig. 3d). Based on those observations the authors concluded that
PHTP-NPP nucleates creating a non-polar seed which is then sub-
jected to a growth mechanism that results in a bipolar, hour-
glass-shaped polarization distribution.
A more recent SPEM study was undertaken to investigate the
polarization distribution in 4-bromo-40-biphenyl. Pyramid-shaped
crystals showed a strong second harmonic generation effect and
they were subsequently analyzed using SPEM. Fig. 4 shows the pe-
culiar domain structure of 4-bromo-40-biphenyl as revealed by lat-Fig. 4. SPEM measurement of a twinneral pyroelectric scanning. Two domains of opposite polarity are
clearly visible with the strength of the pyroelectric current varying
as indicated by the colour bar next to the graph. The domains are
inter-twinned and they correspond well to the topography of the
crystal. X-ray analysis has shown that the crystallographic b-axis
lies in the direction out of the plane (Labat G, Bonin M, Couderc
G, Batagiannis A, Berger R, Buergener M, Merz K, Wübbenhorst
M, Hulliger J, unpublished data).
2.2. Pressure pulse methods
2.2.1. LIPP
Another approach in the study of polarization distributions is to
stimulate the sample using a pressure pulse resulting in a piezo-
electric response from the sample. The most common techniqueed 4-bromo-40-biphenyl crystal.
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95]. A high-energy laser is focused on the front electrode where
it is absorbed. The short laser pulses thus cause mechanical stress,
which in turn results in the generation of a pressure pulse that
propagates into the sample. This pulse travels through the sample
with the velocity of sound and is reflected at the rear surface. The
resulting piezoelectric current is amplified and recorded using a
digital oscilloscope. Ideally, the spatial charge distribution is di-
rectly proportional to the measured current response. An alterna-
tive configuration uses a piezoelectric transducer to generate the
pressure pulse [96,97]. LIPP results have been shown to be in good
agreement with LIMM measurements [51], however, it too suffers
from limited knowledge of the actual pressure wave propagation
within a sample.
2.2.2. PPS
The Piezoelectric Pressure Step (PPS) [98] technique is another
acoustic method providing essentially the same information. This
method is very similar to LIPP, relying on a propagating pressure
wave to induce a piezoelectric response from the sample. The
main modification is that the pressure wave generated by the
laser beam is recorded by a quartz crystal bonded on the back
side of the sample. The resolution of this method depends on
the width of the pressure wave. In order to satisfy the conditions
required for the measured current to be a unique solution of the
polarization distribution strict mechanical prerequisites must be
met. If the pulse is sufficiently short (<1 ns), the electrical re-
sponse gives the spatial distribution of the electric field and
charge density. The main advantages of this method are its appli-
cability to surface charge measurements and thick samples (up
to 200 lm).Fig. 5. (a) Photograph of Vanessa Virginiensis. (b) Optical close-up of the area studied. (c
area. (f) Vector PFM image showing the piezoresponse from the butterfly’s wing. The signa
(b), 5 (c) and 1 lm (d–f), respectively [131].2.2.3. PEA
The pulsed electro-acoustic (PEA) [99,100] technique, has been
developed to enable simultaneous measurement of the space
charge and electric field distributions as a function of temperature
within a sample. The method relies on the application of a voltage
pulse across the sample to provide stimulation. The induced elec-
tric field exerts a force on individual charges at charge layers near
the electrodes. Thus, acoustic waves are generated as a result of
momentum exchange between the electrical charges and the med-
ium. The wave’s amplitude is proportional to the local charge den-
sity. The technique employs a piezoelectric transducer to detect
those waves. An external heater allows the sample to be heated
to temperatures up to 90 C. The resolution of this method depends
on the duration of the electric pulse and on the thickness of the
sample. The polarization and space charge density profiles are ob-
tained from a Fourier transform procedure.
2.3. Techniques based on scanning probe microscopy
2.3.1. PFM
In recent years numerous attempts have been made to push the
limits of resolution to the nanometer scale. The most successful of
those attempts led to the development of Piezoresponse Force
Microscopy (PFM) [101–103]. In PFM the tip of an Atomic Force
Microscope (AFM) is used to apply an Alternating Current (AC)
voltage onto the sample. The tip is in contact with the sample
and hence the bias-induced reverse piezoelectric response causes
a deformation of the sample‘s surface. This in turn results in the
deflection of the tip which is measured by monitoring the cantile-
ver’s position. The first harmonic of the signal is proportional to the
polarization distribution and under certain conditions theand d) AFM surface topography of the area studied. (e) Elasticity image of the same
l’s contrast reveals the complex array orientation of chitin molecules. The scale is 50
Fig. 6. (a) SThM-PE Amplitude and (b) phase compared to the sample’s topography on the left side of a LiTaO3 crystal [135].
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sponse contains information about the local direction of polariza-
tion in the area directly below the tip. The resolution of the
technique is in the order of a few nanometers.
The method was initially developed to study ferroelectric mate-
rials [104–111] at the nanoscale. It has enabled imaging of ferro-
electric grains, domains, boundaries and dynamic processes with
unprecedented detail. In a recent development, researchers were
able to show using PFM that in certain ferroelectric materials
[112,113], the direction of polarization switches along the polar
axis, contrary to the established belief, i.e. that the polarization
direction of the crystal seed during crystallization determines the
absolute polar axis. Further details on PFM and its findings can
be found in recent reviews [114–118] where the physical mecha-
nism, experimental details and practical applications of PFM are
discussed at length.
The above successes of PFM led to its adaptation by the scien-
tific community to study amongst others the manipulation and
characterization of crystals [119], polymers [120,121], multiferro-
ics [122], Langmuir–Blodgett films [123], nanoparticles [124],
and nanotubes [125]. More interestingly perhaps, recently
researchers are turning their attention to the polarization distribu-
tion of some biological materials known to be polar [126,127]. The
polarity of biologic materials is of course a result of acentric pack-
ing of polar proteins such as chitin, collagen and keratin. A number
of studies [128–133] were published that map the polarization dis-
tribution of these proteins in biological tissue.
Fig. 5 shows an example of such a study. PFM was used to map
the polarization distribution on the wings of butterfly Vanessa Vir-
giniensis (American Lady) [131]. The wing of the butterfly is cov-
ered by chitin scales where chitin rods are embedded in a
protein matrix (a–d). The vector PFM map (f) reveals inhomoge-
neous piezoelectric properties. The authors ascribed those proper-
ties to a complex organization of chitin chains since the
piezoresponse does not diminish to zero perpendicular to the
molecular axis. Hence in this case we do not observe a simple uni-
polar arrangement as reported for collagen type I [133].2.3.2. SThM
Similarly impressive resolutions have been recently achieved
using another variation of the AFM. Other photothermal imaging
techniques have developed in parallel with piezo- and pyroelectric
microscopy and many times their methods and results are comple-
mentary (for a review of thermal techniques see Pollock and Ham-
miche [134]). Scanning thermal microscopy (SThM) is such a
technique. The sample is placed on a pyroelectric sensor and
heated locally with a heat probe. From the pyroelectric signal, use-
ful information can be extracted such as the thermal conductivity
and the thermal diffusivity of the material. Although the technique
cannot provide polarization distribution measurements, it is men-tioned here since the data gathered are complementary to pyro-
electric methods.
Antoniow et al. have replaced the tip of the AFM with a
micromachined Wollaston wire [135] thus acting as a local modu-
lated heat source. They used it to study the thermal properties of a
gold layer deposited on a LiTaO3 ferroelectric crystal. The results
are shown in Fig. 6. The pyroelectric response in (a) is in good
agreement with topography and shows many details. The addi-
tional heat capacity of the gold film results in a decrease in the
pyroelectric signal as expected.
3. Conclusions and outlook
Piezo- and pyroelectric techniques have developed significantly
in the last few years and they can now be used to map the polar-
ization distribution in one, two or three dimensions, down to
sub-lm resolution. PFM in particular has demonstrated the resolu-
tion of nano-sized polar structures [119–125]. Its findings have al-
ready provided useful information about polarity in materials and
biological tissue [128–133]. The resolution of the pyroelectric tech-
niques may be further improved using a modified AFM like the one
employed by Antoniow et al. [135] allowing for electrodes to be
placed perpendicular to the sample’s polar axis. Furthermore, the
combination of his technique with pyroelectric characterization
might give precise thermal profiling and thus improve the uncer-
tainty in the determination of the polarization distribution. Alter-
natively, Burfoot and Latham’s [11] electron beam technique
could be modernized in order to achieve ultrahigh resolutions. In
the study of the polarization distribution in biomaterials and nano-
structures such resolutions are required to investigate one of nat-
ure’s greatest secrets; the spontaneous formation of polar
nanostructures and their physiological significance in organisms
[126,127].
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